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Abstract 
Research in supersonic remains a concern in many applications and maybe conducted using ground-based experimental facilities, 
computational fluid dynamics (CFD) or actual flight tests using rocket powered flight vehicles. An experimental study was performed to 
establish investigative work on the transient flow behaviour in short duration high speed flow gun tunnel test facility available in 
Universiti Tenaga Nasional (UNITEN). Physical descriptions of the facility along with the principle of operation have been described. 
The pressure history of flow process was captured using a fast response pressure transducers at three stations located at the end of the 
facility. Experimental measurements of shock strength, peak pressure and shock wave speed change of Air-Air as a driver/driven gas were 
presented and compared with another set of experimental measurements using a gas combination of Helium-Air. In this study, 
deployment of two pressure transducers technique has made measurement of the shock wave speed easy. It was also observed that the 
existence of the piston has a very significant influence on the moving shock wave and peak pressure value obtained. The results provide a 
very good estimate of the parameters being investigated after diaphragm rupture and also offer better understanding of the parameters 
affecting the performance of the facility.  
 
© 2012 The Authors. Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Centre of 
Humanoid Robots and Bio-Sensor (HuRoBs), Faculty of Mechanical Engineering, Universiti Teknologi MARA. 
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1. Introduction 
 
        Research in supersonic is conducted either using ground-based experimental facilities, computational fluid dynamics 
(CFD) or actual flight tests using rocket powered flight vehicles. CFD is the least expensive of the three; however it requires 
extensive code verification and may encounter problems of modelling complex flows correctly. Flight test programs offer 
very useful information, but can be relatively expensive and require a large amount of initial development work. Ground 
based experimentation offers verification for the CFD portion of development and also the preliminary design information 
for flight test programs. Hence, ground based experimental work is an important base research component for hypersonic 
vehicle development programs. Information available through experimental programs ranges from the quantitative 
measurements of parameters such as heat transfer, forces, momentums and pressures, to visualization of shock/shock-
shock/boundary layer interactions, as well as illustration of the effects of the control surfaces. 
 
      There are various types of ground-based test facilities such as, shock tube, shock tunnel, free piston compressor and gun 
tunnel [1, 2]. Shock tube is a device used for rapidly compressing gases to high pressure and temperature and it is used to 
study the behavior of gases at such conditions [3, 4]. 
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     The shock tube has limitations in terms of flow Mach number capabilities [5]. Abraham Hertzberg [6] originally 
suggested a modification to the conventional shock tube to generate hypersonic Mach numbers. This modification to the 
basic shock tube is referred to as the "Shock Tunnel". Shock tunnels are wind tunnels that operate at Mach numbers up to 25 
or higher for time intervals up to a few milliseconds by using air heated and compressed in a shock tube [7, 8] and they are a 
significant members of the range of facilities used in the study of high speed flow aerodynamics. 
 
    As a result of the high construction and running costs of reflected shock tunnels, there are a few in services around the 
world at present compared to other types of hypersonic test facilities. Some of the famous reflected shock tunnels around the 
world are the Calspan shock tunnel (now known as Veridian), the Ames research centre shock tunnel, the T4 tunnel at The 
University of Queensland [9], the T5 shock tunnel at The California Institute of Technology, and the HEG shock tunnel at 
DLR Göttingen (see Anderson et al. [10] for a comparative performance review). All of these tunnels use a free piston to 
compress the driver gas. The free-piston driving technique, first proposed by Stalker [11], was used to achieve some of the 
highest enthalpies, culminating in the X3 at the University of Queensland [12], the HEG in Göttingen, Germany [13] and 
the largest known facility, the HIEST in Kakuda, Japan [14]. During 1960-1980 Stalker [11] has designed a series of high 
enthalpy shock tunnels (T1, T2, T3 and T4) using the piston driver. The free piston shock tunnel consists of a high pressure 
reservoir, compression tube containing driver gas, shock tube, nozzle and test section assembly [15, 16]. 
 
    UNITEN short duration high speed flow test facility has been designed, built, and commissioned in such a way to be used 
interchangeably as shock tube, shock tunnel and gun tunnel for different values of diaphragm pressure ratios and different 
gas combinations in order to get a wide range of Mach number. The main objective of the experimental supersonic program 
at UNITEN is to obtain data in a supersonic environment on partial body configurations. This facility is classified as one of 
the most important devices worldwide to conduct aerodynamic studies by placing a model in the test section and test re-
entry vehicle models. It is also considered such a useful way to validate any simulation results on supersonic flow regime.  
 
    This paper describes the principles of operation of short duration high speed flow gun tunnel test facility in details. The 
facility performance has been evaluated and several investigations on the shock wave were also experimentally performed. 
The operating Reynolds and Mach number range of the facility were extended to cater for a broader simulation range.  The 
experimental results from this study will help identify local flow phenomenon and serve as a preliminary work for more 
extensive future studies. 
 
2. Overview of High Speed Flow Shock Tunnel Facility (STF) 
 
         UNITEN short duration high speed flow facility was designed, built, and commissioned for different values of 
diaphragm pressure ratios in order to get wide range of Mach number. Basically, this facility consists of two sections, driver 
and driven sections separated by a thin aluminum diaphragm. The driver and driven sections have a cylindrical shape of 50 
mm inner diameter and 90 mm outer diameter respectively. The facility consists of the following components as can be seen 
in Figure 1. 
 
 
 
Fig. 1. Schematic diagram of STF 
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3. Operation Principles of STF 
 
        Due to the limitation of shock tubes [5], Abraham Hertzberg [6] originally suggested a modification to the 
conventional shock tube to generate hypersonic Mach numbers. A convergent-diverging nozzle is added to the end of the 
low pressure section (driven section) of the conventional shock tube which permits the establishment of steady flow Mach 
numbers far exceeding the value that can be achieved using the conventional shock tube. This modification to the basic 
shock tube, which is by far the most economical hypersonic research facility, is referred to "Shock Tunnel". 
 
      A high-enthalpy shock tunnel is one of the most used hypersonic flow simulation facilities. It produces a high speed 
flow by using a converging–diverging nozzle, where the reservoir gas can be created by shock wave reflection at the end of 
the shock tube [17]. Shock tunnel typically includes a shock tube, a convergent- divergent nozzle at the downstream end of 
the driven 8 section (low pressure section) of the shock tube [18]. This nozzle expands the supersonic flow behind the 
reflected shock wave to hypersonic speeds [19], so that higher Mach number flow with full stagnation temperature 
simulation can be obtained. The driver is initially filled with a high pressure, high speed of sound gas, (typically air, helium, 
nitrogen or argon), which may be heated to further increase its sound speed and enthalpy [20]. The driven tube is initially 
filled with the test gas, usually Air, CO2 or nitrogen, at a much lower pressure. When a predetermined pressure rise is 
achieved, the primary diaphragm (or burst disk) between the drive and the driven section in the shock tube is ruptured and 
the high pressure driver gas rushes into the driven section, setting up a shock wave which compresses and heats the driven 
gas [21]. The flow in real facility is initiated by rupture an aluminum diaphragm. After diaphragm rupture, a strong shock 
wave is driven through the test gas in the shock tube (low pressure section), followed by the driver gas/driven gas interface- 
the so-called contact surface (discontinuity surface). When the generated shock reaches the end of the driven tube, the 
second diaphragm at the nozzle entrance is ruptured and the processed test gas expands through the nozzle into the test 
section [22]. The shock is reflected from the end of the driven tube, and a constant property region with the heated and 
compressed gas behind the reflected shock is generated for very short time, thus creating the high enthalpy nozzle supply 
gas (It should be noted that the high enthalpy obtained in a reflected shock tunnel comes via compression by two shocks, the 
reflected shock interacts with the contact surface and is then partly reflected back toward the nozzle). 
 
     The gun tunnel shown in Figure 2 is quite similar in operation to the shock tunnel. It includes a high-pressure driver 
section and low pressure driven section with a diaphragm separating the two. Gun tunnel facilities use a free piston 
compression process to produce a high pressure gas reservoir at moderate temperature. This gas reservoir can then be 
expanded with an appropriate nozzle contour to produce a short duration test flow for gas dynamics and aerodynamics 
experiments [23-25].  
 
 
 
Fig 2. Gun tunnel and wave diagram 
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4. Facility Instrumentation and Data Acquisition 
 
         Data was collected digitally through a data acquisition system. A GRAPHTEC DAQ (model midi LOGGER dual 
GL500), 24 channels, digital recording with a maximum sampling rate up to 500 sampling/sec per channel is used to gather 
the pressure and temperature. Channels 1 and 2 were used to gather data from the PCB pressure transducers which were 
used as shock tube instrumentation to analyze the transient time of the incident and reflected shock waves, Channel 3 is 
used to indicate the history of the pressure along convergent-divergent nozzle section, while Channel 4 monitored the 
diaphragm burst pressure, to indicate precise value of the pressure ratio, pressure in driver section and driven section, 
(P4/P1). A schematic of the instrumentation arrangement and the data acquisition system is shown in Figure 3. 
 
 
 
Fig 3. Data acquisition system 
 
5. Results and Discussion  
 
        Three pressure transducers were attached to the end of the facility as shown in Figure 4. The pressure histories at the 
nozzle-reservoir (end of the extension section) and along the nozzle section are measured using pressure transducers (PCB 
Piezotronics Inc., model 482A21).  Two pressure tranducers (for the the nozzle reservoir pressure) were located at the end 
of the driven section, the first one is instrumented at x = 3653 mm from the primary diaphragm section, the second station is 
located at 342 mm from the first station. On the subject of the nozzle profile, however, the third station was positioned at 
195 mm downstream of the nozzle. The average shock speed along the shock tube is determined from the transit time 
between the primary timing station (station 1) (PCB Piezotronics Inc., model 482A21) and the nozzle-reservoir pressure 
transducer (station 2). The distance between the two stations is 342 mm. 
 
 
Fig 4. Schematic diagram of three data stations 
 
      In order to get deeper understanding on the piston’s scenario along the driven section and the incident shock wave 
reflections ahead of the piston, an experiment has been performed for Air-Air gas combination at pressure ratio P4/P1 =10 
and the pressure history captured at station 1 is displayed in Figure 5. As can be seen, the shock wave marked by (1) moves 
ahead of the piston to the end of the driven section. After the shock wave hits the end wall, some of the test gas will traverse 
downstream the nozzle section and the rest will be reflected back towards the piston. The reflection of the shock wave will 
cause the pressure to increase further as denoted by point (2). Between point (1) and (2) the compression of the piston 
causes the pressure to gradually increase. The shock wave then reflects from the piston and moves towards the end wall of 
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the driven section, this causes a third pressure jump as a result of the wave compression, as denoted by point (3). 
 
     As a result of the wave reflection from the piston, the shock wave was then reflected from the end wall and propagated 
back to the left causing further increase in pressure, as shown in point (4). The piston preceded downstream of the driven 
section and the reflected wave then hit the piston and reflected in opposite direction, which further compresses the gas and 
cause a pressure jump to reach a peak pressure value, which was the maximum value achieved throughout the whole 
process, as denoted by point (5). After the piston overshot its equilibrium position, it was pushed upstream (left direction) 
by the compressed gas and then came to rest. Another pressure rise could be observed at point (6). Finally, the pressure 
decreased rapidly as a result of gas discharge through the nozzle section. 
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Fig 5. Experimental pressure history at station 1 and piston’s trajectory inside driven section 
 
5.1.  Shock Strength and Peak Pressure 
 
        Two sets were performed for two gas combinations, Air-Air and He-Air as driver/driven gas for a selected diaphragm 
pressure ratio of 20 to investigate the effect of the piston on the facility. Figure 6 shows the pressure plot at the second 
station for Air-Air and He-Air gas combinations shots. As seen, the shock strength is decreased when one uses Air-Air 
combination. However, the pressure peak of that using He-Air is higher. He-Air shot shows a remarkable improvement in 
terms of both shock strength and pressure peak. It is significance to mention here that the He-Air combination can produce a 
pressure peak of about 62 bar as compared to that of Air-Air (40 bar), which has marked a percentage of increase of more 
than 25%. 
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Fig 6. Experimental pressure history at station 2 
5.2   Shock Wave Speed 
        Shock wave speed is measured experimentally using the two pressure transducers technique. The distance between the 
two piezoelectric pressure transducers at the station 1 and station 2 is 0.342 m and the time of shock wave travels from 
station 1 to station 2 can be obtained from the pressure history graph, as shown in Figure 7. The shock wave speed and 
Mach number can be calculated. Figure 7 shows the experimental pressure history with Air-Air gas combination at a 
selected pressure ratio P4/P1 = 20. The shock wave speed and Mach number is to be 450 m/s and 1.3, respectively. 
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(a) Pressure history (b) Detail “A” 
Fig 7. Pressure history at station 1 and 2, (Air-Air, P4/P1 =20) 
 
     Similarly, Figure 8 shows the pressure history at the station 1 and 2 for Helium-Air shot at pressure ratio of 20. The 
shock speed and shock Mach number is 684 m/s and 2 respectively. It is worthy to mention that the shock speed with He-
Air shot increased by around 34 % compare to Air-Air shot. 
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(a) Pressure history (b) Detail “A” 
Fig 8. Pressure history at station 1 and 2, (He-Air, P4/P1 =20) 
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       It can be concluded that the shock strength, shock speed and peak pressure improve when Helium is used as a driver gas 
instead of Air, as the Helium gas is very efficient for producing strong shocks because it has a high sound speed as a result 
of its very low molecular weight as identified by Anderson [26]. 
 
6. Conclusion 
 
      Experimental investigation of transient flow in high speed flow gun tunnel test facility was carried out. Different P4/P1 
and gas combinations were used in this paper. The results presented in terms of shock strength, peak pressure and shock 
wave speed. Results reveal that for Air-Air driver/driven gases, the shock strength is decreased when one used the piston. 
On the other hand, the peak pressure of He-Air shot is higher than Air-Air shot. In spite of this, He-Air shot shows a 
tremendous improvement in terms of both shock strength and shock speed. Shock wave speed now can be measured 
experimentally using the two pressure transducers technique. Shock speed can be increased by raising the diaphragm 
pressure ratio, or more powerfully, by raising the speed of sound in the driver gas. To achieve high Mach numbers it is 
essential to raise the ratio of the speed of sound ratio (a4/a1) if excessive pressures are to be avoided. 
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